A multi-channel continuous toxicity monitoring system developed in our laboratory, based on two-stage mini-bioreactors, was successfully implemented in the form of computer-based data acquisition. The multi-channel system consists of a series of a two-stage minibioreactor systems connected by a fiber optic probe to a luminometer, and uses genetically engineered bioluminescent bacteria for the detection of the potential toxicity from the soluble chemicals. This system can be stably and continuously operated due to the separation of the culture reactor from the test reactor and accomplish easy and long-term monitoring without system shut down by abrupt inflows of severe polluting chemicals. Four different recombinant bioluminescent bacteria were used in different channels so that the modes of the samples toxicities can be reasonably identified and evaluated based upon the response signature of each channel. The bioluminescent signatures were delivered from four channels by switching one at once, while the data is automatically logged to an IBM compatible computer. We also achieved the enhancement of the system through the manipulation of the dilution rate and the use of thermo-lux fusion strains. Finally, this system is now being implemented to a drinking water reservoir and river for remote sensing as an early warning system.
Introduction
Water quality control is one of the most important areas of water management for maintaining good public health and water ecology. Over the last few decades, the importance of continuous biomonitoring of environmental pollutants in effluents has been raised for protecting natural environments and public health, and for managing waste treatment plants. Effluents from cities, industrial plants and agricultural sites that eventually end up in rivers, streams or lakes may have many dissolved chemicals. Therefore, a continuous monitoring system is needed near discharge sites to prevent and observe the release of contaminates.
Recently, genetically engineered bacterial strains have been developed for various purposes (Van Dyk et al., 1994; Vollmer et al., 1997; Kim et al., 2004 . When the bacterium experiences an environmental stress, a signal transduction cascade occurs in which certain promoters are induced and their proteins are expressed to adjust to the environmental stress. There are numerous stress genes in prokaryotic cells and fusion of their promoters with the lux genes results in new biosensing strains that emit light when exposed to specific stress. A two-stage mini bioreactor system has been developed by use of these biosensing strains in continuous monitoring . The two-stage mini bioreactor system consists of two mini-bioreactors (their volumes are 10 and 20 ml for the first and second reactor, respectively) connected serially. The first reactor is for cell growth and the second is for toxicity testing. The physical separation of the cell cultures allows for a stable and reliable operation because the cell growth rate and concentration can be constantly maintained in the first reactor and then supplied into the second reactor, thereby replenishing the cells that have died or been washed out. This system can also be operated continuously since the responsiveness to toxic chemicals is maintained through the use of the unexposed daughter cells. One of the unique advantages of using recombinant bacteria is the classification of toxicity when using various stress promoters Min et al., 1999; Kim et al., 2000 , Lee et al., 2003 . To carry out classification of toxicity, a multi-channel continuous monitoring system was developed based upon the two-stage mini-bioreactor system (Gu and Gil, 2001) . This system is composed of a series of twostage mini-bioreactor systems arranged in parallel channels. Each channel carries a different recombinant bacterial culture that can be induced by a specific stress. Therefore, classification of the toxicity is achieved in the multi-channel continuous monitoring system through the simultaneous changes seen in the bioluminescence of each channel, which provides information about the nature of toxicity associated with samples in contrast to the classical respirometric biomonitoring method. This method provides valuable information for the treatment of wastewater or in the investigation of accidental discharge sources. In addition, this system has been successfully implemented in many sites .
In this work, several performances of the multi-channel system and their characteristics are described, including continuous data acquisition and toxicity monitoring, classification of toxicity and automation of the system for use as an early warning system.
Experimental

Multi-channel system set-up and data analysis
The multi-channel continuous monitoring system (see Figure 1 ), consisting of four twostage mini-bioreactors in parallel, was arranged on a multi-magnetic stirrer (Ika Co., Germany). Each mini-bioreactor has a glass side port into which a fiber optic probe could be connected, while the other end was attached to a highly sensitive luminometer (Model 20C Turner Design, CA) to measure the on-line bioluminescence (BL) within the minibioreactor. The bioluminescent data measured was transferred from the luminometer to Figure 1 Schematic diagram of multi-channel continuous toxicity monitoring system a PC-based automatic data acquisition program through a RS232 cable for real-time BL data display and for data storage. Oxygen was supplied into each bioreactor at 1 v:v ratio, i.e., the airflow rate in the first and second stages was 10 and 20 ml/min, respectively. Also, both the first and second bioreactor had the same dilution rate of 0.8/h.
Results and discussion
Continuous toxicity monitoring
The multi-channel system has physical separation between the cell culture bioreactor and the measurement bioreactor. There are two kinds of situations for exposing to toxicity. One is a sudden increase in chemical concentration for only a short time and the other is the situation where a toxic chemical is present in the effluent over an extended period of time. We implemented these two situations by way of chemical injection, such as pulse injection and step injection. The multi-channel system has shown stable operation under both situations.
One example for the pulse injection situation is shown in Figure 2 . This figure shows that the bioluminescence quickly increased as soon as the sample was injected. After reaching the maximum RBL (ratio of bioluminescence value after injection to bioluminescence value before injection), the bioluminescence dropped and the system quickly recovered its stability, due to the washing out of the chemicals and the induced cells as they were replaced with the fresh media and the cells that were growing in the first minibioreactor. Similar results were obtained by the step injection method (data not shown).
After the initial addition of sample, the system reaches equilibrium and maintains the level for the rest of the experiment and, after stopping the injection of the sample, the bioluminescent levels drop off near the original BL that it had before its induction. In addition, the peak heights did not increase above 7.14 mM because cells experienced metabolism inhibition due to high toxicity at these concentrations.
Toxicity classification
The multi-channel system consists of a series of two-stage minibioreactor systems and different bioluminescent strains of Escherichia coli were cultivated in each channel. Thus, toxicity classification can be performed by the analysis of different bioluminescence from each channel. Artificial wastewater samples were made by combining toxic chemicals, including mitomycin C (a representative DNA damaging agent), phenol (a representative protein damaging agent), and cerulenin (a representative cell membrane damaging agent), and injecting this sample into each channel in order to simulate the detection of toxicity for Figure 2 Overall time course curve of EBNAG1's relative bioluminescence level (RBL) in response to different concentrations of benzoic acid mixed chemical samples. Each channel showed a specific bioluminescent response due to the toxic chemicals contained in the sample wastewater (Gu and Gil, 2001) .
Enhancement of the multi-channel system
We attempted the enhancement of the multi-channel system in two ways. One is the optimisation of the dilution rates and the other is achieved by the use of thermo-lux fusion strains. Three strains, TV1061, DPD2794 and DPD2540, were used in the optimisation of the dilution rates and it was found that the sensitivity of both TV1061 and DPD2794 to a pulse injection of phenol and mitomycin C increased with a decrease in the dilution rate. However, the sensitivity for all the strains to step injections of the toxic chemicals was found to increase with an increase in the dilution rate up to a certain dilution rate and then decreased, mainly due to the rapid washing out of the injected chemicals (Gu et al., 2002) .
In lux fusion comparison, a total of six recombinant E. coli strains with the promoters from three oxidative-stress responsive genes, i.e. the katG, sodA and pqi-5 genes, fused to either the lux genes from Vibrio fischeri or Xenorhabdus luminescens were characterised and their responses to different chemicals were compared. It was found that the basal level bioluminescence from thermo-lux fusion strains was always higher, while that of the V. fischeri lux strains were always near or below the lower limit of detection of the system. For example, the katG::V. fischeri lux strain, DPD2511, gave no discernible response due to its low level expression while a fusion of the katG promoter with the X. luminescens lux operon was clearly responsive and capable of detecting hydrogen peroxide down to approximately 1 ppm. The use of the thermo-lux strains found them to be as sensitive as the V. fischeri lux strains while providing a brighter, more stable basal level bioluminescence, making the analysis and monitoring of water-borne toxicity more reliable (Lee et al., 2004) .
Automation of the multi-channel system
We developed multi-fiber optic probes and a DAQ system for automatic data acquisition. Each mini-bioreactor has one side port with a glass window for holding a fiber optic light probe connected to a highly sensitive luminometer to measure on-line bioluminescence. The luminometer was linked to an IBM compatible personal computer that was operated by LM-CACS 1.00 program (Figure 3) , developed in our laboratory through serial connections for the purpose of real-time data display, analysis and control action. The computer program controlled the multi-fiber optic probes to send bioluminescence from each channel in order and the computer simultaneously displayed and save the data. In addition, we can set up an alarm situation value in the program. When bioluminescence exceed over alarm value set up, the computer sends a message to the manager by an e-mail. The automation of the system makes the multi-channel system more applicable in toxicity early warning.
Field sample test
Toxicity monitoring of field water samples was performed using a novel multi-channel system and genetically engineered bioluminescent bacteria for the continuous monitoring and classification of the toxicity present in the samples. The field samples were obtained from two different sites, on a monthly basis, from a drinking water treatment plant and from a stream near a dam that is currently being constructed. These samples were either pumped or injected into the second mini-bioreactors to initiate the toxicity test. Most of the samples did not show any specific toxicity. However, several toxicities were found in the March sample ( Figure 4) .
In this sample, three channels containing DPD2511, DPD2540 and GC2 showed a bioluminescent increase to the field sample. This result indicates that there are some notable substances causing the oxidative damage, membrane damage and cellular damage in E. coli.
Field application
The potential toxicity of field water has been investigated through the operation of the multi-channel system in Berlin and Worms, Germany. We monitored the potential toxicity at four different field sites -the Ruhleben wastewater treatment plant discharge flow, the Teltow canal, and Fishereiamt in Berlin and the Rhine river in Worms -using this system over a period of 2 to 3 weeks. At the Berlin sites, the DPD2540 and TV1061 channels showed a significant increase in their bioluminescence while the GC2 channel decreased. In the Ruhleben wastewater treatment plant and the Teltow Canal monitoring Figure 4 Toxicity monitoring of the March sample from the drinking water treatment plant. (a) DPD2540 channel, (b) DPD2511 channel. Sample was supplied at 0 min and the vertical arrows indicate when the sample was stopped to supply. RBL was defined as the ratio of bioluminescence value after injection to bioluminescence value before injection station, the DPD2540, TV1061 and GC2 channels were run simultaneously and during the Teltow canal test all channels showed significant bioluminescent changes, which suggest that this river was carrying chemicals involved in membrane damaging, protein damaging and cellular toxicity. A similar set-up of this system was also carried out at the Rhine river monitoring station in Worms. We monitored the Rhine river water for 1 week using a continuous toxicity monitoring system and compared monitoring results with a dynamic daphnia system and a delayed fluorescence algae system, which are commonly used for water toxicity monitoring also operated in this monitoring station. Noticeably, the daphnia and algae did not show any specific toxic events, but the multi-channel system composed of specific bioluminescent bacteria showed specific toxic events during the test performance. Therefore, it is proposed that this system may serve as a water toxicity monitoring system in real field applications.
Conclusions
Toxicity monitoring and classification were performed using the multi-channel system. This system was applied in the field and the feasibility of this system in real field applications was demonstrated. Using predetermined operating protocols, a fully automatic data acquisition system and an internet based data transfer system will allow us to achieve an on-line continuous water quality monitoring using this system. It is strongly believed that this system can be applied to many different areas, including an early warning system for a wastewater treatment plant or for the monitoring and tracking of accidental spills.
